Sweet aspartyl di-and tripeptide esters were extended toward the N-terminus in relation to the structural features of sweet peptides. The sweet peptides were designed on the basis of the receptor site model. It was found that an extension of the sweet aspartyl dipeptide esters by adding a small D-amino acid residue mostly gave sweet compounds (e.g., D-Ala-L-Asp-D-Ala-OMe), although this significantly decreased their sweetness potencies. Further extension at the N-terminus of the extended sweet tripeptide esters to yield the tetrapeptide esters resulted in a loss of the sweet taste. The N-terminal extension of sweet aspartyl tripeptide esters resulted in faintly sweet or nonsweet tetrapeptide esters. Interestingly, an analogous extension at the N-terminus of the sweet aminomalonyl dipeptide esters gave bitter compounds {e.g., D-Ala-DL-Ama-L-Phe-OMe). These results indicate that the receptor has a small space that can accomodate an additional small D-amino acid residue at the site facing the Nterminus of sweet aspartyl dipeptide esters.
Since the discovery of a sweet taste in lAsp-L-Phe-OMe,1} a large number of aspartyl di-,2~6) tri-,7>8) tetra-9) and pentapeptide10) analogues have been synthesized in an attempt to elucidate the structure-taste relationship and to draw the modeof interaction between the sweet peptides and their receptor. The effort, however, has mostly been made on modifying the L-Phe moiety of L-Asp-L-Phe-OMe. As a result, the hydrophobic and steric properties of this moiety have been well established. Onthe other hand, only a few modifications of the L-Asp moiety have been reported in the literature. It has been demonstrated that the lAsp moiety of L-Asp-L-Phe-OMe is restricted to L-Asp or aminomalonic acid (Ama). The lAsp moiety has been replaced by Ama11>12) or 13) retaining the substantial sweetness potency.
Possible sweet conformations of the sweet peptides have also been analyzed by means of NMR spectroscopy,6'14'15) X-ray crystallography5'16'1^and quantitative structure-activity relationships. 18' 19) On the basis of these synthetic and physi-1623 cochemical studies, several types of receptor site model have been reported 4'10'14'18~21) Our series of synthetic studies have led us to draw the mode of interaction between the sweet peptides and their receptor.10) In all the proposed receptor models, the mode of interaction between the sweet peptides and their receptor has been discussed on the basis of studies on the structure-taste relationship of sweet aspartyl dipeptide analogues, and the free a-amino and jS-carboxyl groups of the lAsp residue have been considered to trigger the sweetness by forming hydrogen bonding with the receptor. The amino and carboxyl groups serve as a proton donor (AH) and a proton acceptor (B), respectively, in hydrogen bonding. 22) In these models, if there is a space left at the site facing the N-terminus of the sweet peptides, it can be considered that certain peptides extended at the a-amino or /?-carboxyl group of the L-Asp residue will probably taste sweet when they have a suitable size and configuration. No such attempt on this has been made so far. This paper deals with the design of novel sweet peptides based on a view of the sweet receptor mod- give Z-D-Ala-L-Glu(OH)-L-Phe-OMe (28% yield), which was then hydrogenated over Pd/C to give D-Ala-L-Glu-LPhe-OMe (80% yield). The following dipeptide esters were newly synthesized for this study: 
Ala-OMe (lb, 2.43 g, 4.7mmol) was dissolved in a mixture of acetic acid (40ml) and water (10 ml), and hydrogenated in the presence of 5% Pd on charcoal (0.5g) with stirring at atmospheric pressure and room temperature for 5hr. The reaction mixture was filtered, and the filtrate was concentrated under reduced pressure to dryness. The residue was dissolved in water, and the solvent was evaporated under reduced pressure to removeany remaining acetic acid. The procedure was repeated three times, the residue then being recrystallized from water-acetone to give 1 as a powder. Recrystallization from the same sol- 2.22g, 5.2mmol) and DCC (1.24g, 6mmol) were added to an ice-cooled, stirred solution of H-L-Phe-OMe-HCl (1.55g, 7.2mmol), Et3N (0.73g, 7.2mmol) and HOSu (0.83g, 7.2mmol) in chloroform (50 ml). The mixture was stirred at room temperature for 2hr and then kept standing overnight. A few drops of acetic acid were added to the reaction mixture with stirring. After lOmin, the mixture was successively washed with water, 1 n HC1, a 5% NaHCO3solution and water, and then concentrated under reduced pressure. 
was suspended in 40ml of 1n HC1and stirred at room temperature for 
OBzl)-L-Phe-OMe (31a, 1.60g) was dissolved in a mixture of acetic acid (30 ml) and water (10 ml), and hydrogenated in the presence of 5% Pd on charcoal (0.4 g) with stirring at atmospheric pressure and room temperature for 4hr. The reaction mixture was filtered, and the filtrate was concentrated under reduced pressure to dryness. The residue was dissolved in water, and the solvent was evaporated under reduced pressure to remove the remaining acetic acid. This procedure was repeated four times, and re- 
Results and Discussion
In Fig. 1 , in order for the peptide to be sweet, small alkyl groups R2 and R4 had to be placed below the projection plane when the backbone chain of the peptides is laid on the plane of the paper.7) This fact may suggest that a hydrophobic area, which involves hydrophobic binding interactions that amplify the sweetness potency, resides below the plane. Therefore, in the structural modifications of the sweet peptides (Table I) , it was assumed that small alkyl groups also had to be placed below the projection plane for the compounds to exhibit a sweet taste.
(i) Modifications at the free a-amino group of sweet aspartyl dipeptides (compounds 1-20 in Table I ).
A D-amino acid residue was introduced for the first amino acid in order to meet the assumed sweet structure, in which a small alkyl group (R2 of the first projection formula in Table I ) was placed below the plane so as to interact with the above-mentioned hydrophobic area of the receptor. As expected, coupling a sweet dipeptide, L-Asp-D-AlaOMe,27) with a D-Ala residue gave 1, retaining half of the original sweetness potency. In order to confirm the importance of the orientation of the small alkyl group (R2), the L-antipode (lAla) was coupled with L-Asp-D-Ala-OMe to give 2, which was faintly sweet when tasted as crystals, but was tasteless when tasted as its 1%
solution. This shows that the orientation of a D-prolyl tripeptides 9 and 10 were expected to exhibit a sweet taste, but contrary to our expectations, they were tasteless. It seems that, by increasing the size of the peptide, it became difficult to fit into the small receptor site. As was seen in the case of compound 3, the introduction of an isopropyl group at R2 significantly decreased the sweetness potency. With the exceptions of some compounds, most of the tripeptides derived from sweet No.
Abbreviations used: -OPr, propyloxy; -OFn, ( +)-a-fenchyloxy; Ama, aminomalonic acid. Abbreviations used: Me, methyl; iso-Pr, isopropyl; Fn, ( +)-a-fenchyl. Numbers represent the sweetness potency of the compound as a multiple of sucrose; -f , faintly sweet ( < 1); 0, tasteless; -, bitter; A, astringent.
The projection formula is not applicable to compounds 5, 9, 10, 15 and 16. Aspartame (L-Asp-L-Phe-OMe) is 215-133 and 400 times sweeter than sucrose at practical sucrose levels (4.3-10%) and at the threshold level, respectively; see ref. 30. aspartyl dipeptides were found to be sweet. Therefore, it can be concluded that the receptor has a space left at the site facing the Nterminus of sweet aspartyl dipeptides. This space can accomodate an additional small damino acid. It can be assumed that the newly introduced a-amino and the original jS-carboxyl groups serve as a proton donor (AH) and a proton acceptor (B) in the AH-Bsystem, respectively.
Next, the sweet tripeptides already obtained,
Asp-L-Phe-OMe (ll), were further extended at the N-terminus by adding an L-Ala residue to
give compounds 19 and 20, which were astringent and bitter, respectively. In these compounds, all the small alkyl groups were placed below the projection plane so as to meet the proposed sweet structure, but these two tetrapeptides were devoid of any sweetness. It may be concluded that the amino and carboxyl groups were improperly located to form hydrogen bonding with the receptor, or that the receptor site had no remaining space to accommodate an additional amino acid residue.
(ii) Modifications at the free a-amino group of sweet aspartyl tripeptides (compounds 21-24 in Table I ).
Sweet tripeptides L-Asp-D-Ala-L-Ala-OMe7) and L-Asp-D-Val-L-Val-OMe7) were successfully extended to tetrapeptides 21 and 22, re- spectively, but their sweetness potency was significantly decreased. Table I ).
An intensely sweet dipeptide (DL-Ama-LPhe-OMe, 300-400 x sucrose)ll 12) was extended to tripeptide D-Ala-DL-Ama-L-Phe-OMe (25) , with the expectation that compound 25 would be sweet. The extension led to a complete loss of the sweet taste, which is surprising in view of its close structural similarity to the above-mentioned extended aspartyl tripeptide, D-Ala-L-Asp-L-Phe-OMe (ll), which was sweet. Then, DL-Ama-L-Phe-OMe was extended by adding the L-antipode (L-Ala) to give 26, which was also devoid of sweetness. Next, a newly synthesized sweet dipeptide, DL-Ama-D-Ala-OMe (27), was extended by adding a dAla residue. The resulting tripeptide (28) Table I ).
In an attempt to extend the peptide chain at the jS-carboxyl group of L-Asp-L-Phe-OMe, the original amino and newly introduced carboxyl groups were expected to serve as a proton donor (AH) and proton acceptor (B), respectively, in hydrogen bonding with the receptor. All the peptides (29-31) synthesized here were devoid of any sweetness (Table I) .
As already mentioned, some peptides containing an L-Asp residue between the N-and C-terminal residues were sweet. On the other hand, few sweet L-glutamyl peptides have been reported in the literature, except for L-glu-
and CF3CO-L-glutamyl-/?-nitroanilide,29) which were sweet. In connection with the present study, L-Glu-Gly-OMe and L-Glu-D-Ala-OMe were synthesized, and found to be devoid of sweetness, although they are higher homologues of L-Asp-GlyOMe3) and L-Asp-D-Ala-OMe,27) which are sweet. To confirm that glutamyl peptides lack any sweet-giving properties, a nonsweet peptide, L-Glu-L-Phe-OMe, was extended at the N-terminus by adding a D-Ala residue; the resulting D-Ala-L-Glu-L-Phe-OMe was found to be bitter, although it is a higher homologue of ll, which is sweet. The lack of sweetness in the glutamic residue-containing peptides may also be related to the AH-B system length, as was mentioned in the case of compounds 25, 26 and 28. From the results obtained in this study, it can be concluded that the receptor for sweet peptides has a small space left at the site facing the N-terminus of sweet aspartyl dipeptides. This restricted space can accomodate one more small D-amino acid residue. It may also be concluded that there probably exists a spatial barrier at the site facing the C-terminal part of the sweet peptides, because most of the aspartyl dipeptide analogues were intensely sweet, the sweet aspartyl dipeptides decreasing their sweetness potency while elongating their peptide chains toward the C-terminus7'9) and completely losing their sweet taste in the pen- on a quantitative analysis of the structuretaste relationships in sweet dipeptide analogues.
By increasing the chain length of a sweet peptide, it becomes difficult to fit the small receptor site. The receptor site is so spatially restricted that very subtle changes of structure strongly affect the binding ability to the receptor. A decrease in its binding ability to the receptor reduces or loses the sweetness potency. Thus, only limited peptides such as aspartyl di-and tripeptide analogues, aminomalonyl dipeptide esters, and the abovementioned D-AA-L-Asp-AA-OMe can fit into the receptor and elicit a sweet taste.
